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Non-ionic surfactants in particular are being used extensively due to their efficient detergent properties. At present, most surfactants being used are biodegradable in nature. However, their accumulation, or that of their biodegradable products, comprises an important fraction of dissolved organic carbon (DOC) in natural water. Although they are not classified as being dangerous compounds, their ecotoxicological properties may lead to the destruction of the natural flora and fauna, and must not be neglected. [2] [3] [4] Analytical methods for the determination of surfactants are numerous. Those based on chromatographic procedures employ gas chromatography (GC) 5 or liquid chromatography (LC). 6, 7 In GC, however, complex derivatization procedures are required to convert surfactants into volatile compounds. An improved single step analysis of the surfactant utilizes a combination of sequential solid-phase extraction with LC-MS, 8 which employs an expensive mass detector. Capillary electrophoresis has been successfully employed for the determination of non-ionic surfactants in cosmetic formulation. 9 However, CE is not a very common facility in many laboratories. The most common method for the determination of an anionic surfactant utilizes a spectrophotometric measurement of the surfactant after liquid extraction as a lipophilic ion-association compound between the Methylene Blue cation and the surfactant anion. 10 The method, however, requires multi-phase separation from the reagents, and is accompanied by interferences from such anions as chloride, nitrate or thiocynate.
An improved method involving Methylene Blue was reported by Koga et al., 11 which requires half of the sample volume in a shorter time than the traditional methods. However, the method still utilizes solvent extraction step with chloroform, which is tedious, time consuming and environmentally unfriendly.
Recently, a number of optical sensing approaches for the determination of surfactants appeared in the literature. 12, 13 Luminescence techniques are suitable optical sensing methods for designing these kinds of sensors. Fluorescent molecules whose spectra or quantum yields are sensitive to their environments are valuable in the study of heterogeneous and organized media, and hence dominate the list of sensors being developed. The response signal being utilized at present is based on emission quenching of the fluorescent probe. 12 Wang et al. 14 developed a fluorescence-sensing device for the determination of Tween-60 based on the fluorescence enhancement of tetraphenylporphyrin.
Using absorption and fluorescence techniques, the interaction of cationic dyes with anionic surfactants has been shown to depend on the nature of the hydrophobic group of the chromophore. 15 Specifically, the alkyl chains of the cationic dyes were found to affect both the chromophore environment as well as the dye-micelle interaction. Similar investigations using cationic dyes and non-ionic surfactants have shown evidence of a dye-surfactant interaction. 16 Accordingly, one may anticipate a similar interaction between anionic dyes and non-ionic surfactants. In the present study, there has been an effort to investigate the interaction of Eosin B with TW-80 using fluorescence detection. The essential factor of interest in this work is to correlate this dye-surfactant interaction with the surfactant concentration, thereby allowing the development of an easy and robust analytical method for the assay of TW-80 in natural water using sequential injection techniques. Lately, there is an increasing demand for the automation of chemical analytical procedures.
Utilizing simple and inexpensive instrumentation with minimal maintenance are important requirements for such a demand. Sequential injection (SI) is a versatile computer-controlled technique that can achieve these requirements. 17 The simplest SI manifold is made of a selection valve, a pump, and a detector. Using the pump and the selection valve, precise volumes can be aspirated in a holding coil, which serves as a buffer zone between the valve and the pump. By selecting appropriate valve ports, various operations can be synchronized, including propelling the reagents and sample zones to the detector and recording of signal. With this SI manifold, a vast number of complicated operations can be performed using simple programs, and without changing the architecture of the instrument, including online dilution, the injection of additional reagents, calibrations and stopping the flow at strategic locations for kinetic measurements. [18] [19] [20] [21] 
Experimental

Apparatus
The SI system, the FIAlab-3500 (FIAlab Instruments, http://www.flowinjection.com) used in this study consisted of the following components ( Fig. 1 The SI-integrated fluidic system is connected to a computer via an RS-232C interface. The spectrofluorometer as well as the data collection and evaluation were under the control of other software using the OS2-operating system (SLM Instruments, NY, USA). The data were collected in the time trace mode for the SI system.
Reagents
All of the reagents used in this work were prepared from analytical-grade reagents, using deionized water. Eosin-B dye solution. A dye stock solution of 500 ppm was prepared by dissolving 50 mg of Eosin-B disodium salt (Aldrich, USA) in sufficient deionized water to make a final volume of 100 ml in a volumetric flask. The Eosin-B solution used in the experiment was then prepared by appropriate dilutions of the stock solution with pure water. TW-80 solution. A stock standard solution (5000 ppm) of the surfactant was prepared by dissolving 0.5 g of the pure reagent (Sigma, Germany) in 100 ml deionized water. Further working solutions (1000 ppm) were prepared by diluting appropriate volumes with a citrate buffer of pH 4.5. All other standards were then prepared from the working solutions by diluting known volumes with the buffer (pH 4.5). Citrate buffer solutions. A citric acid solution, 0.1 M, was prepared by dissolving 21.01 g of citric acid crystals (BDH, UK) in 500 mL of water in a 1 L volumetric flask. To this solution, 200 mL of 1.0 M NaOH were added and the mixture was then made to the volume with water. The pH of this mixture was approximately 5.00. Appropriate buffer solutions were made from this solution and the respective pH was adjusted with either 0.1 M HCl or 0.1 M NaOH. Water sample. All water samples were filtered before use with a 4.5 µm HPLC filter to remove any suspended particulate matter. The pH of 50.0 ml of the filtered water was adjusted to 4.5 in a 100 ml flask. The flask was then made to the mark with the buffer to make the final solution. In two separate 10 ml volumetric flasks, 100 µL and 400 µL of the standard TW-80 solutions were transferred and the volume was made to the mark with the water samples.
Procedure
The procedure starts by nesting the surfactant solutions and the dye solution around a multiposition valve (Fig. 1 ). Then, a syringe and a holding coil are filled by the carrier solution, deionized water. Further aspiration of appropriate volumes of the solutions by selecting one port at a time fills the tubings around the valve. Any excess of the solutions introduced into the holding coil is then pumped to the waste through a detector port. Table 1 lists the steps of the procedure entered to the FIAlab for Windows software (FIAlab Instruments, http://www.flowinjection.com). The complete procedure was programmed to run automatically. The method requires approximately one min per sample. The peak fluorescence intensity was used as the performance criterion for the optimization study and for quantitative analysis.
Results and Discussion
Principle
Eosin-B is a derivative of fluorescein. It is available as its disodium salt, and hence is water-soluble. Eosin B exhibits a weak fluorescence at a λem of 580 nm, as shown in Fig. 2 . This is attributed to a combined effect of internal heavy atoms and electron withdrawing groups in the molecule. bromine atoms in the aromatic nucleus generally enhances the S1* →T1* intersystem crossing, and thus promoting phosphorescence over fluorescence. 22 However this typical behavior is not observed for the fluorescein molecule, where the presence of bromine atoms, though, causes a great decrease in the fluorescence quantum yield. In the phosphorescence lifetime it does not increase the relative phosphorescence quantum yield. 23 These observations suggest that halosubstitutions in the fluorescein molecule does not produce an increase in the S1* →T1* intersystem crossing, but enhances the non-radiative deactivation S1* →So. Alternatively, in this case, heavy-atoms perturbations may produce a significant increase in the S1* →T1* and T1* →So intersystem crossing, which effectively cancels with no significant increase in the phosphorescence intensity. 24 Furthermore, the probe contains 2NO2 groups, which quench the fluorescence due to the nonbonded (n) electrons present in these groups, which by their nature cannot yield fluorescence. The nitro-groups are known to perturb the fluorescence by enhancing the charge transfer due to the presence of a low-lying π* orbital, and due to the strong electron-withdrawing effect of these groups. 22, 24 When non-ionic surfactants are added to the probe, the fluorescence emission increased along with an increase in the concentration of the TW-80, as shown in Fig. 2 . The enhancement of the fluorescence intensity of the probe is probably due to the adsorption of the dye on the molecular surface of the surfactant. This may further result in an increase of the microviscosity of the medium in the vicinity of the dye, and hence the fluorescence intensity increases. The role of an increased viscosity in enhancing the fluorescence of the molecule is attributed to a decrease in the internal conversion (S1* →So) that accompanies a high medium viscosity, which minimizes the stretching and twisting molecular motions in the excited state. Additionally, the increased micro-viscosity may cause the rate of the intramolecular charge-transfer process involving the nitro groups to decrease. Furthermore, the microrigidity of the micelles may inhibit the heavy-atom effect of the bromine atom, resulting in an enhancement of the fluorescence emission of the molecule. Similar results were previously reported by Garcia et al. 25 concerning their work on chlorinated biphenyls.
They reported that the produced fluorescent enhancement increased along with an increase in the number of chlorine atoms in the nucleus up to tetrachlorobiphenyl, beyond which the produced enhancement decreases. Figure 2 also reveals that a bathochromic shift of the excitation spectra from 520 nm to 545 nm was observed upon the addition of a surfactant, probably due to the dye-surfactant association, which may have resulted in the formation of a multimer. 26 At a high surfactant concentration the dye dimer and multimer present in the solution disaggregate into a monomeric form. 26 This results in an increase in the number of dye units, causing an enhancement of the fluorescence intensity. The enhancement of the fluorescent probe was the basis for an analysis of the surfactant TW-80 in this work.
Optimization Effect of the Eosin B concentration.
The optimum concentration of the Eosin B dye was determined by exciting the fluorescent probe at λex, 545 nm, and monitoring the fluorescence emission at λem, 585 nm at different dye concentrations in both the presence and absence of TW-80 (40 ppm). Equal volumes (75 µL) of Eosin B and TW-80 were aspirated in a sequential injection analyzer at a constant pH. A typical plot for the variation of the fluorescence intensity with the concentration of the dye is shown in Fig. 3 Fig. 4 . Interestingly, a similar behavior was observed in both the presence and absence of TW-80 (curves 1 and 2 in Fig. 4, respectively) . The presence of TW-80, however, resulted in an enhancement of the fluorescence intensity of the dye at all of the pH values studied. These results suggest that pKa of the fluorescent probe may not have been altered by the presence of TW-80 under the conditions of this study. The quantum yield of Eosin Y and that of the parent probe fluorescein was found to be higher in 0.1 M NaOH. 23, 25 Eosin-B, on the other hand, showed a sharp decrease in the fluorescence intensity at pH values greater than 4.5. The effect of the pH on the fluorescence of a given aromatic system depends strongly on the nature of the substituents and on the excited-state proton transfer kinetics. Eosin-Y and the parent fluorescein molecules contain electron-donating groups, such as the hydroxyl group. Upon excitation, the aromatic system becomes enriched in electron charge density as a result of intramolecular charge transfer from these groups. The different pH behavior of Eosin B is probably strongly influenced by the presence of the two nitro-groups. The magnitude of pKa* is determined by the strength of the bond between the acidic proton and the rest of the molecule. This is greatly influenced by the cumulative effect of all the substituents on the aromatic system, and not the effect of individual groups.
Optimization of the SI-parameters. To determine the optimum sample volume, the reagent volume was fixed (75 µL Eosin B) and a sample volume of 40 ppm TW-80 was varied from 30 -200 µL. The fluorescence intensity was monitored, and was observed to increase along with an increase in the sample volume until 120 µL, where the intensity leveled off. On the other hand, the optimum reagent volume was determined by fixing the aspirated volume of 40 ppm TW-80 at 120 µL and aspirating the reagent volume ranging from 30 µL to 200 µL of 40-ppm Eosin-B. The fluorescence intensity increased along with an increase in the reagent volume, and reached a maximum at a reagent volume of 100 µL. Therefore, 100 µL was considered to be the optimum reagent volume. Analytical features. The analytical performance of the proposed system was studied using the optimum conditions discussed above. A series of TW-80 standards were aspirated in triplicate into the sequential injection system, as typically shown in Fig. 5 The correlation coefficient (R 2 ) was 0.9995. The detection limit was 1.7 ppm, which is below the CMC of TW-80. A similar detection limit was previously reported by Wang et al. 14 for Tween-60.
The proposed mechanism of fluorescence enhancement in this study is due to the formation of micelles. However, this result indicates that premicellar aggregates may be formed at a surfactant concentration below their CMC. Similar findings were previously reported by Ruiz et al. 12 for the anionic surfactant SDS. Furthermore, it has been reported in the literature that the premicellar formation of dimers, trimers and smaller aggregates than micelles 29 does exist. A maximum relative standard deviation (RSD) of 2.7% (n = 5) was obtained for 10 ppm, whereas RSD values of less than 1% (n = 5) were obtained for 100 -200 ppm, indicating excellent reproducibility. Interfering species. The effect of various species present in water samples was studied. A range of solutions was prepared containing 40 ppm and 10 ppm of TW-80 and different concentrations of metal ions. The results given in Table 2 indicate that no, or very little, interference is observed in the presence of Ca 2+ , NaCl, and Mg
2+
. However, Fe 3+ due to its dynamic quenching effect on Eosin-B fluorescence interfered, as evident by the lower recovery values obtained. Selectivity. The influence of different surfactants (Tween-20, Tween-21, Triton X-100, cetytrimethylammonium bromide (CTAB), and sodium dodecyl sulfate (SDS)) on the fluorescence enhancement of Eosin-B was investigated. About 100 µL of 40 ppm of each surfactant was aspirated into the system together with 120 µL of 40-ppm Eosin-B, and the fluorescence intensity was monitored. The results are shown in Fig. 6 , from which the higher fluorescence enhancement is observed in the presence of TW-80, almost double the effect exhibited by the other Tween series members studied. Similar results were previously reported by Bhattacharya for safranine dye. 26 The effect of other surfactants, such as Trion X-100 and SDS, were only slight. This could be due to a slight increase of the local hydrophobicity of the environment around the dye. CTAB, on the other hand, produced an enhancement greater than all of the surfactants studied here other than TW-80. The fluorescence enhancement of CTAB may be attributed to ionpair formation between the probe and this surfactant. This behavior exhibits the interesting possibility that the probe, Eosin-B, can be used to determine some of these surfactants together with TW-80.
Application to real samples. To examine the applicability of the method, standard TW-80 (2.5 and 10 ppm) was added to seawater, well water and tap water samples and analyzed according to the proposed methods. Fresh samples were collected and filtered using a 0.45 µm membrane prior to spiking with the surfactant. The results of this analysis are given in Table 2 . It is clear from these results that excellent recoveries and precision were obtained for all samples. Also, these results suggest that the proposed method can be employed for the determination of TW-80 in natural water, even in samples with high salinity, such as seawater, and without fear of interference caused by species expected in such matrices. Additionally, an industrial wastewater from a detergent factory in Oman that is known to contain an anionic surfactant was collected. This water was filtered through ordinary filter paper; part of the water was spiked with 10 ppm TW-80. The analyzed wastewater sample showed no enhancement of the eosin signal. On the other hand, a recovery of 88.7 ± 2.2% (Table 2) was observed for the spiked sample, indicating the suitability of the method for the analysis of such water. No significant difference in the recoveries was observed when samples were spiked before and after filtration.
Conclusion
A simple fluorometric procedure was developed for the assay of TW-80. The procedure has been successfully used for the determination of TW-80 in natural waters without interference from the matrix. The main advantages of this method are that: it is simple, rapid, sensitive and can be easily automated. Furthermore, the method makes use of a fluorescence enhancement of the dye, which eliminates the need for a solvent-extraction step. 
